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In:rtdut 1 itm. . .—.

lndurtfl,ll hr.ltln~ cullt, of futurr tokamak drvlcrh

will hr rrqu[rvd tII prwlul.r 7 IU h T flrlds Wll I 1.11 cnn
hr fully rvwrnt. d 111 .I fvw ●rrondfi. fhlcr~ rvqwlrr-
mcnth drnlnd Ih,It the tcllu br ●uprrconduct ln~.

Engi nvvrl IW rvqulrrmvn, h dcm~nd that LIIV culls k

crynnt~hlu and cxhihil low lomovm during rvrllng.
VIII t -Ig(. mnd mvrhMnlc .11 cwrulderaclonm rrqulrv thnt Ihv

ctmdilctur rurrtnl h, at lv;IHt 10 kA. mli- papvr dln-
< Ulifiamh LIIV dr%lgn. fahrtr.,tlnn, ●nd tentln~ nf CWII
prulutvpr mlr.lndk I,r 511 LA rnh]vs whlrh hnvr lrcru
rfwulnprd ty Irfurmnl:nrtlrn (knrrul Corpi)rnllon (1(;1:)
!or thr Tnknmnk 1111111111,11 FiolLI Syntrm pronram. nl v
f lrmt phnsv of thin program lH the crmmtrwtlon and
tmtlng of ● 2tl HJ prototyp Indurtfon rnll h
ld@otinRhnurir for thr LrIu Alamom Sclentiflc Labora~ory

(LASL). Th@ condwrtnr for the 20 tt.1 coil {a now being

f nhriratvd hy ICC.

~~ndurtnr lh,rr~n and Fabrication-......— . . . . .———

‘f’hv tmnfr ntrmnd, nh-1 in FIR. 1, in ● l--lr)mn,

rnndurrnr WIIICII lnrrrrpmratrn aubmtantlnl rrrppr fur

rryuntahl!ity ●nd a monolithic drmiRrt that mllwrI ●

thin, r~R@lf, film lnnula[lon. A d~lall~d demcrlptlun
nf ihr twI prolntyfw ●trandn mnd th~ mtrand for thv

20HJ cull, ml] of which •r~ conflRurrd ●mmrtlnlly m
nhrun In FIR. 1, is Rlv@n in Tahl@ 1. rrOtOtypv I van
manufarturrd for OalI RldII@ National Laboratory (oRNL)

●nd Protn:ypr 11 for LASL. ‘fil~ h~y dlffrrrnr~rr in thp

alrmndn ● rc filmwnt alzv, nmourrt of Illoi}ltm-t il~rlilm

and copp~r-nlck~l, and III- dlntributlrrrr of rrrpprr. nl~
oltNL mntcrlal wnn rnmdv frum m 2(NJhII blll~t which

. . . . . . . .-— .“-

*Wurk fr~r(o~d under thm munplr~m of the
U, S. kpl. gf Encrrny.

●%mt in~hmun~ t rmdemmrk.

Fig. 1. Protutypv II Strnnd

remultcd in n fllnmvnt nizv III 2(4.2 ~, whvrlw~ lhr

LASL conductor WUH mmlr fr~ ● 11111k~ billt”t WhiI”h
result-d ~n 34.H ~ sicv. s~~rtlllR M#IIPrlfI]tI fllt 41]1

conductor ● rv oF}IK cupp~r with remlntuncv ritio
greater t ha 11 1w ●nd amnl c high purity 9(1-1(1
ropp@r-nLrkvl. All rlrm~ntn -rrl CnqIOBCI rJf flnr
~rmlncrl mtwrl{lln, •xrop~ for thv copprr-nlrkv] MI II III
in tho lJftNl, rtjnductor. ProremmlnR wan b~rnlr.llly

●tandard, with twu ●rrcqtlonm. Flrat, Mraunr thv fll-

●-ntn are Fluntcrrd at th~ centrr rri thr rundr.rctur,

the prubm.lllity uf fracLurr from centrr hurncln~ lH

lnrrmm~d. Sprclal dlen wrre therefore umrd. lt Warl
fell th. flnn, hcwrvrr, wcruld r~ducr Lhe pruhnhlllty of

centvr IrurmllnR, h~raumc th~y t~nrl tu mke thr strm~th

of tll~ cmponltv murv humugwnvouso Srrund, tU rwfurr
th~ 1O-BPW Lhe twlnl pl:ch fur Protntyp,. 11 wan rrdurrd

to O.B/cm, unly four times thr uvcrall dlam~t~r uf Lhr

condurtor. If th~ twist lm raf~rmcrd t u CIW
fllmmrnt-flllrd rmRlult thu pltrh In b,h tlmvn thin rurv

dlurlrr. Ihr atrllity to twlnt LighLly UII a tondurtor

of thtm turm in a lliRllifitAllL mdva.ltaR~ of thm rfpni~nm
We ■p~culnte that th~ v~ry thlrk ●hm1 I impwrom
hycfromtalir frmdy ftnwn on thr fllamvntn durlnti
Iwlstina whlrh ●lluwm ●Inrrlflcanl twimt d~formnt ion
WILIIUUI hr~akln~ IIIP filammnln.

FjIgr~ LpBnsn

En-rw lnnn ■rwmuremenlm Wr@ mdw rJn Ihutolypc 1

●nd 11 condurtutm havlnR varluum twlmt and ●trlmf

1



TAULK I
COPilN!CTLMl STM!!L b}.!. “lt1P710ti

Item

tfetallic Sadiuti, rm
Wl~h Inuula~lon, rt

Core Rmdiuu, rc
Fllamrnt Rrglun r,

Fin Thick nemn, tF
Copper Shell, Af

Strand Tulmt, L.
Cu Outer Arvil
Cu @re Ar@~

Cu Tntal Arm
9(I Cu-l(l Rj Area

Nb T1 Arva
McL81 within r~

Filamvnt Sin,, d
N(I. of Fllamcntfi. N,

Prototy>e 1

1.020 ■ ■ (11.LJ4U2”)
.-

0.695 mm (0.fJ273”)

0.641 mm (1).(!:’12”)
0.054 mm (0.fM121”)
o.l!J7 ■ ■ ((,.fUlb~”)

--

1.6fJl ■m7 (51%)
0.7Ulmm2 (22ZJ

2.3R~ M7 (73.)
0.297 ❑m7 (92)
0.5BH ■m7 (lMZ)
3.269am2 (1002)
?H.2 um
94:

confl,nirilt IIIIIH. m(. (Iblrt.t iv{, tif 111(, m.ilqurpmc.n[h WAN

tu dvtcrmlnr the dltitrill,, tlon of t 110 Iomnou ● s ●

function nf thv varlnum roqmmrntn UI the conductor ●nd

to verify t!w rrdurtion in lonmvH with reduced twiml
plcch length. TU rrducr thv lomn~n in thr 2(J NJ coil

tu an accrptublv level Chc, CW1OL pitch lenRth uau
reducvd t(I only four tlmen thv wlrv diamrtrr. Thih
pitch leuglh prt,t%lrt,d nl, mpparvnt dr~rild~ltlnn of thr

[rliicrll currvnl or thv rlt,ctrlral cundurllun in chv

stunlllzvr.

Ify%tvrv:lc and dvnnmir lna~un twrv m.nmrrd for tin

•~~nnrnlla] fli.ld ducny from ❑lnrtlng Iicldh of 2.2 to
O T and fur rml,onrntlnl ducdy tlmr cnnalantn [rum (J,74

1 (1 2HII ❑ s. Dynnmlr lllnn?ll ● re deflnvd an tlw
dlffertwwr lwtwvrn tht, rnil~urvd Innntw fur a sI* flrld
●wrp from O co 2.2 l,, (1 T ~ud n ■lw flvltl RW,VII !rum

O tu 2.? T IUIIIWWCI hv thr rapid ●xpi,nent ial chmngw to

O T.

l%r loan ~nhurcmi.nt~ nn thv protutypr ●trnndw

worr nnnl:}zrd 10 pr!wldr twi p:vrefl U! Inforutlmn for

dt,ni~ll of thr ntrmndh fnr flIv 211 WI coil.
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Fla. 2. Fhll ryrle hytlat’rala Inaa,

Prtjlnlyp@ 1 ●trand.

Prototype II...—

1.02rlmm (11.041,.’”)

1.U4b ● m ((1.(IA1:”J
LJ.664 ■ ■ ([1.L1261”J
0.60(1 ● m (IJ.02M”)
0.066 mm (U.0(12h”)
0.0911mm ((J.O(IIH”)
12.Omm (().472”)

1.7UZ ■m~ (54:)

0.617mm2 (19S)
2.399ma2 1732)
0.356mm2 (112)

0.514mm7 (lb:)
j.zh!)mmz (1(.l~i)

36.B ~

+40

2( H.1 L(,ll
—— —._

1.( 2 I mr (I F.f I& ,:”,

I.t,kh m= (11.I,~::”J
11.6tiI ¤~ (11.I,:t,..”~
U.taf.l!, ❑ m ((, .1,: If.”)

LJ. f)b4 M6 (il. fli,.’ r.”’)

(1.1U4 MC ((1.flf..a:”)

7.72 mc (1:.311&”J
I.l?.i!} mmz (5fI.j
(1.61J ❑n? (19-I
2.L5U mm? (?t~:
[1.315 mmz (Illi)
(~.47fI ❑m7 (15.)
J.2hY ❑m7 (l~lll’, )

22.1 g
1,3’Ml

hyfitorr~lfi loaa~n ●htin in FIK. 2 pr(,vlit,. V.,i,ll.h ,.!
critical current dcntiltlrm ●flrct IVU tl)r lomNus *I JOW
field ]rvela, and thr dynamic luutititi ahoun In ~lgh. 3

●nd 4 conftm Lhr tranavcruv field coupllII~ ●nd eddy
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current locis theories. The correlation between [he low

field jc values from transi>ort current wa.suremrnth,

shmm in }lg. 5, ●nd j derivvd values

measurement 16 pt~or. ke -J.ttiured C-VCli~rRSSc~lr l~;;

volume wab acr(,rdir,~:lv used di; ectlv to projrct ,) I

losses near zero flcld for the 2( I M coil.

lhr dyr~mlc losties ronsisr of coupiing and edc!v

current corrqlon 11s. For pulht tlmt~h
T] << Po/2P1 (L/2~)2, thcfie 10ss components ● re glvrn

by [ht. lcw frequency in6tant.4ni,L>116 P(,WCr 10ss

?XPressiollb.
1 *2

.
Pc ?JV6rf1~f~ + y + .___’’___ )’,

~- 1–:~
fitrand & ‘o, or Ch , outvr

a nd

.
}’e ~12 r,Q-(r~-Ar)& Q

‘– = ‘––– [~~
r t,

v
+ 6(;7 )],

4oti,,s t rand outer S R

(1)

(2)

rcsprctivtlv, wtjt,rc PL - (1+1)(1-A) 1s the tran+verhi,

rt, slstlvlt~ in tl, c core witl I A [ht, frtictioll of Nt,Ti i II

t Ilc L’oi’i’c’r .,I)c! NbTI core regi,,rl and p ib t II(

re~istivitv {I! the coppvr-nickv] rllig a nd f[ns. nl(
lnttvr exprrsslorr is Cbc sun nf convcrr~lorttil normdl

8Late eddy current 10ISSC6 fol n rvlincfrlctll Shl,ll u f

thickness Ar and conventional normal 8ttILt) eddy currrnt
los.st,sq in the aix copp(,r svrtorh within this rin~ and

betwvvn the CuNi fins, etich apprnxlrnat+d aa cyllndt,rs

of equlv~lent ~~ngle-sectnr areo of radius r{,.

●

4,

I

I
- 91

‘E<)
u

‘o
:.
# ?

I

O(T-.

Fig. 5.

,,,( , JJ-[
1 : f ; (, ?B(l)’

Filament critical current d~rroity,

Prototype I ntrnrrd.

For the cxponenti.tl flrld pu!kr !IIIr h
wlKtI (imt. constant T, (III Intcgr.ltrd dvII. Iml< y::;, :: “

cc ( OL,
idc ? -–

corr) ,%l.iklSrf..’A-A- --- -—. . (IJ
1 .’wrh

~j+-i .

and

cc -
1 ?m~ix----.--~:~t’——-–?
*(fi-uj

(’))

‘(ln2
,, , _M\ti)-——.-

R
I c c)rt,

miix (k, cora, 1,

811[1

1c - ---—— —.——---- , (t)J“m”x;+-ZNJ(,,, [~ t
e

B2 ~(tt-(l)
(1

mnx liI, outer n 1)

co~,per a.icll and t 11(, acctured r;gion HU1ll,H1 ivt,ly

rtc4.,d aWtJy. nl ~ totnl 10UUC6 Culculdttvci tor t 114,
Prototype I otranda with thetiv equatiunh arc obuut Z~I*
below the meaaured loesea for the full n~rantt ,11 1/1

valueu appropri~tely well below the l/T upi)cr Iimf! Of
10[) t+-] fur 1 Ilcst, @trando. I?lv Ctilc’ulntcd luhscs,

exIludln A thusc iv the outer cnppvr HIItIll [.nd t,x(ludl n}:
the outc: copper altugothnr, arv B!milurly Ilbi)tll 2(J.+

below the lva&H mcatiured for the atruud~ with tht,
outer copr,er Innulun e’ rhcd away, and all ~~f the out er

copprr ut ,Ied ●way , renprctivcly, n, i H ih Mood

agtermerr; biliI exprrirn{,nt, cunfiidcrfng thv jud~mvntti
required for the use of conductor paramrtf.rH ond thr

approxlmatiorra use! in cnu:~trllcting the tlleury. 1114,
1[)s8 exprraa iona oa~d hvr~j nnd thr mrt hod Of tt,cir UHI.
●re, tbereiore, crrnfirmed. Note CIlrlt t hc coljpcr
bc: ween ttw f!nn contrihuteq a cte~li~{bly amnll lnHM

corqruntwrt, and no!r nlao that the 10HM ~n ttlr nnrrulufi

~n approxlrn. tttly IIA II of what it would bavc been lf the
fln~ had not b~a:l proaent.

‘III?ne aamc leas expreonlopo were applied tn the
Protntypo 11 atrnnd” UH lng

core and nuter copper. !* “brzY2i! -P;;: ;“rt;:t’’p:::
dlct~d porrentn~~ Iornn r~ductlcm due to twlat iR
●chfeved, but f.hQ abnnlute value o f tllc Iutiacfi

projected fnr butt) pitch lmngtll~ in lower thnu thnt
meaaured by ●bnut 40%. lle effect of twist It.ngth httn

3



thut been confirmed for tight twiatn of the type thar.

will be used in the 2(I HJ coil. Because the filament

nlse ●nd nunber will be more like that in Prototype 1,

tnd these parameters in=luence the ●ffect of Pm and 1.
the values uoed in calculating loce.es for Prototype I

have been used for the 20 FtJ coil de6ign.

Conductor Stability

Scabllity measurements have been wde on the

Prototype 1 ❑trand, bare and innu!ated, and insulaccd

Prototype 11 6tranda in a six-around-one eubcable.

He~tera ❑ounted on the samples induced a no-l zone in

the conductor and voltage tapa were used to ❑onitor Its
subsequent propagation or recovery. btails of the

experimental approach have been dtacu6ued.k

The namplefi were round on a 20 cm diameter C-10
cylinder in a way which ●anentlally allowed total
surface contact to ttk. Materu were 0.64 cm by 5.1 cm
by 0.025 cm Kapton covered resistance atripa. For the

single strand sampleb the heater was wrapped on ●

0.5 cm diam, ().9 cm long copper cylinder, soldered to
the condllctcrr. For tha aubcable the he~ter wa6 simply

wrapped around and taped. kacer pcwers, a few watts,
were tht. minimum required to drlvc the sample normal.

Fk,sults of atabillty curren: measurements on the
Prototypo I strand are given In Table 11. Stablllty or
recovery current is defined here aa the maximum currei~t

that the conductor can carry ●nd OCII1 recover to the
superconducting state after the removal of n minimum,

mteady at{l[r i]ent input which produces a normal zone.

A significant enhancement in heat transfer and conse-
quently rurovcrv current for th@ lntiula ted compared to

the bnrc ~trant! is .zern. T?LC re~pectivv heat transfer
rates, c~lculatcd simply as 12p(tI)/.4CulI where 1’ is thu
total strund ptrlmetcr, art, approxirutely 0.5 U/cm2 and
0,3 Kjcm2.

Rr~uItN on th., Prototype 11 ❑ubcat.le are alao

Riven III Tnhlv 11. IIIF hrnt transfer ralc cannot be

obttilned dlrcctly from the dal.q becaune the surface

area avtiilable for C[lL)lit_tg io unkncnrn. If , hwever,

the henL Lrnnafer Is ansmed to bc unchan~ed, then the

fraction of nurfacc arcn per ntrand which in ●va!lable
1nr cmllng can bc calcul:lted. n)ib ie roughly buz an

SII-W in the bottom row of Table 11. Extrapolation,

which ignores furthrr loon of ●urfare heat tranafer
area dur to finnl rnhlln~ and spacers, of the tubcablr

recovery rucrunt dntn to the full 5(} kA cablr for thv
20 tf.1 coil gives 66 kA. fhnfiguratlon ●ffectm ●re to

TABLE 11

SINGLE STRANf) RECOVERY CURRENT

Pleld (T)

0 2.() 3.() 3.8 4.2 4.5 5.[) 5.5 5.7—.— —-. —— —-— —

Barr f13(l 49[) 43(1 40[) 380 3H0 37(1 3fr(! 35[)

Innulatt=d 82[) 67u 390 560 515 510 470 41W 450

SIIHCAPJ,E RECOVERY CUIIIJZNT (Irraulated Strandn)

Field ~ —.

3.0 4.0 5.0 5.5 5.7 6.0.-.— ..-— -. --- _ -— —

R?covery 2f)’lo 245[~ 2250 2200 2150 2 I L)()

(iauhcab]@/6)7

‘-- - -l-Ttr;nd O. 56 fJ. Itl fJ. b4 Omflb 0.63 -

be ●valuaLed in ● teat of the full 5(1 kA prototvpti
cable in the Lawrence Llvermore hboratory lii~t! Fitild
Tent Facility.

Yko other ●c~ects of the recnvery characcrrlktic~
of the conductn. were lnvestlRaced. Firb! , 1 Ill.
recnvery current ● b a function of MO bath tem;,vr~turc
wa6 meacured at II T. The dewar was allow,.d L1,

preaaurlze and the bath te~eraturc LO rlbc fru thti

ambient 4.0 K to about 4.!J K, the Opcrdtlnp I~C;.Crd[UIV

of the 20 HJ coil. There wafi no measurable cl,.InAti lr,
the recovery current. k,cond, thu conductor :...,,vcry
characcerl~tics under pul~ed heat input CO I-I II IL IL, l.!.

a hove the steady state recovery llcIC were AI-,1

❑ea.wred ●t 4 T. Il;ltially thv ehcrgv rvquirrd I(,
produce a no~l zonr ah a funrLlun af puls, !im! WA !.

decermfned. This encr~y becfimc consLtinl hti,h ji F,,
which was then chosen ah LIIV pulsw wldtll. n,,. rustil[s
a h-n In Fig. 6 deflnu Lhe cryust.iblc limit Iruc, ah.,v,
and agree well wiLh tile sLeady E.taLt) llm]t.

Gnrlukions —

Cryoatable, 10W-IOE.F strands for ctibl(,k tor ;Iulst.[!

Crlll applicaLlons hfiVtJ &l>ll SUCCVShfU]lY fi+hri(+LLrd.
Energy 106s and ntabill!y •easurcn,.,]t~ anJ ~lll,,lvsis

ahm that the ntrandti ❑ eeL chr requlremcn Ls for ,1 2,. . H. I
prototype rokamak induction heaLin~ cnil. l%t, thin,

tOugtl insulation dealrable for induction cull cvcllc
operation, made po~tiiblc throuRh the Usc of un!quvly
configured ❑onolithic strands, act)iovvri a ~ubst,ll~tl,llly
lncreaaed hcaL trarmfcr ovrr ttl~r provido.! by h,lri. wirt.

aurfacch.
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